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(57) ABSTRACT

Various embodiments of abrasive jet cutting systems are dis-
closed herein. In one embodiment, an abrasive jet system
includes a cutting head configured to receive abrasives and
pressurized fluid to form an abrasive jet. The system also
includes an abrasive source configured to store abrasives that
are supplied to the cutting head, as well as a fluid source
configured to store fluid that is supplied to the cutting head.
The system further includes a gas source configured to store
pressurized gas that is selectively supplied to the cutting head.
When supplied to the cutting head, the pressurized gas can
advantageously affect, such as by at least partially diffusing,
the abrasive jet.
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1
SYSTEMS FOR ABRASIVE JET PIERCING
AND ASSOCIATED METHODS

CROSS-REFERENCE TO RELATED
APPLICATION(S)

The present application claims priority to U.S. Provisional
Patent Application No. 61/357,068, titled “SYSTEMS FOR
ABRASIVE WATERJET PIERCING AND ASSOCIATED
METHODS,” filed Jun. 21, 2010, which is incorporated
herein by reference in its entirety.

TECHNICAL FIELD

The present disclosure is directed generally to abrasive jet
systems and associated components and methods, and more
particularly to abrasive jet systems configured for piercing
and cutting target materials.

BACKGROUND

Abrasive jet or waterjet systems have a cutting head that
produces a high-velocity fluid jet or waterjet that can be used
to cut or pierce workpieces composed of a wide variety of
materials. Abrasives can be added to the waterjet to improve
the cutting or piercing power of the waterjet. Adding abra-
sives results in an abrasive-laden waterjet referred to as an
“abrasive waterjet” or an “abrasive jet.” Abrasives are gener-
ally drawn into the abrasive water jet by air flow resulting
from a low pressure (vacuum) generated by the Venturi effect
of pressurized water flowing through the abrasive cutting
head. Abrasives are typically metered to the open end of a
conduit, such as a tube, coupled to the abrasive water jet
cutting head and “vacuumed” into a mixing chamber to be
combined with the high pressure fluid and expelled through a
mixing tube or nozzle and directed against a workpiece.

Certain materials, such as composite materials and brittle
materials, may be difficult to pierce with an abrasive jet. An
abrasive jet directed at a workpiece composed of such mate-
rial strikes a surface of the workpiece and begins forming a
cavity. As the cavity forms, a hydrostatic pressure may build
within the cavity. This hydrostatic pressure may act upon
sidewalls of the cavity and negatively impact the workpiece
material. In the case of composite materials such as lami-
nates, such hydrostatic pressure may cause composite layers
to separate or delaminate from one another as the hydrostatic
pressure exceeds the tensile strength of the weakest compo-
nent of the materials, which is typically the composite binder.
In the case of brittle materials such as glass, polymers, and
ceramics, the hydrostatic pressure may cause the material to
crack or fracture. Other aspects or effects of the abrasive jet
other than the hydrostatic pressure may, in addition or as an
alternative to the hydrostatic pressure, cause or result in dam-
age to the material during abrasive jet piercing operations.

Conventional techniques for mitigating piercing damage to
materials include low pressure piercing, pressure ramping
and vacuum assist devices. Low pressure piercing generally
involves operating the abrasive water jet cutting system at a
lower pressure for piercing than cutting. Once piercing is
completed, pressure increases and cutting commences. Pres-
sure ramping can involve using a reduced water pressure to
form the waterjet and ensuring that abrasives are fully
entrained in the waterjet before the hydrostatic pressure
reaches a magnitude capable of causing damage to the mate-
rial being pierced. A vacuum assist device can be used to draw
abrasive into a mixing chamber of a waterjet cutting head
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prior to the arrival of water into the mixing chamber. Such a
technique can prevent a water-only jet from striking the sur-
face of the material.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a schematic side view of a portion of an abrasive
jet system configured in accordance with an embodiment of
the disclosure.

FIG. 1B is an enlarged schematic side view of a portion of
the abrasive jet system of FIG. 1A.

FIGS.1Cand 1D are cross-sectional side views of a portion
of'the abrasive jet system of FIG. 1A illustrating the effect that
pressurized gas can have on an abrasive jet emitted from a
cutting head.

FIG. 2A is a side view of an abrasive jet system configured
in accordance with another embodiment of the disclosure.

FIGS. 2B and 2C are partially schematic side views of
abrasive jet systems configured in accordance with additional
embodiments of the disclosure.

FIG. 3A is a side view of an abrasive jet system configured
in accordance with an additional embodiment of the disclo-
sure.

FIG. 3B is an enlarged side view of a portion of the system
300 of FIG. 3A.

FIG. 4A is a side view of a mixing tube subassembly
configured in accordance with an embodiment of the disclo-
sure.

FIG. 4B is a cross-sectional side view of the mixing tube
subassembly of FIG. 4A.

FIG. 5 is a flow diagram of a process configured in accor-
dance with embodiments of the disclosure.

DETAILED DESCRIPTION

This application describes various embodiments of abra-
sive jet systems and associated pressurized gas systems for
piercing operations, such as piercing composite and brittle
target materials. As used herein, the term “piercing” may refer
to aninitial penetration or perforation of the target material by
the abrasive jet. For example, piercing may include removing
at least a portion of the target material with the abrasive jet to
a predetermined depth and in a direction that is generally
aligned with or generally parallel to the abrasive jet. More
specifically, piercing may include forming an opening or hole
in an initial outer portion or initial layers of the target material
with the abrasive jet. Piercing may also mean that the abrasive
jet penetrates completely through the workpiece or target
material as a preparatory action prior to cutting a slot in the
material. Blind holes are when an abrasive waterjet is used to
only partially pierce through a material to some depth that is
less than the workpiece thickness. Moreover, the term “cut-
ting” may refer to removal of at least a portion of the target
material with the abrasive jet in a direction that is not gener-
ally aligned with or generally parallel to the abrasive jet.
However, in some instances cutting can also include, after an
initial piercing, continued material removal from a pierced
opening with the abrasive jet in a direction that is generally
aligned with or otherwise parallel to the abrasive jet. Once the
material is pierced, cutting is generally performed by moving
the head relative to the material perpendicular to the axis of
the abrasive jet. In addition, abrasive jet systems as disclosed
herein can be used with a variety of suitable working fluids or
liquids to form the fluid jet. More specifically, abrasive jet
systems configured in accordance with embodiments of the
present disclosure can include working fluids such as water,
aqueous solutions, paraffins, oils (e.g., mineral oils, vegetable
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oil, palm oil, etc.), glycol, liquid nitrogen, and other suitable
abrasive jet fluids. As such, the term “water jet” or “waterjet”
as used herein may refer to a jet formed by any working fluid
associated with the corresponding abrasive jet system, and is
not limited exclusively to water or aqueous solutions. In addi-
tion, although several embodiments of the present disclosure
may be described below with reference to water, other suit-
able working fluids can be used with any of the embodiments
described herein. Moreover, abrasive jet systems as disclosed
herein can also be used with a variety of pressurized gas
sources and particulate or abrasive sources to affect or influ-
ence the abrasive jet. For example, abrasive jet systems con-
figured in accordance with embodiments of the present dis-
closure can include pressurized gases such as air, nitrogen,
oxygen, or other suitable abrasive jet pressurizing gases. Cer-
tain details are set forth in the following description and in
FIGS. 1A-5 to provide a thorough understanding of various
embodiments of the technology. Other details describing
well-known aspects of abrasive jet systems, however, are not
set forth in the following disclosure so as to avoid unneces-
sarily obscuring the description of the various embodiments.

Many of the details, dimensions, angles, and other features
shown in the Figures are merely illustrative of particular
embodiments. Accordingly, other embodiments can have
other details, dimensions, angles and features. In addition,
further embodiments can be practiced without several of the
details described below.

In the Figures, identical reference numbers identify iden-
tical, or at least generally similar, elements. To facilitate the
discussion of any particular element, the most significant
digit or digits of any reference number refer to the Figure in
which that element is first introduced. For example, element
100 is first introduced and discussed with reference to FIG. 1.

One embodiment of the present disclosure is directed to an
abrasive jet system that is configured to pierce target materi-
als, such as brittle or delicate target materials, composite
materials, etc. In one embodiment, an abrasive jet system
includes a cutting head configured to receive abrasives and
pressurized fluid to form an abrasive jet. The system also
includes an abrasive source configured to store abrasives that
are supplied to the cutting head, as well as a fluid source
configured to store fluid that is supplied to the cutting head.
The system further includes a gas source configured to store
pressurized gas that is selectively supplied to the cutting head.
When the gas source supplies the pressurized gas to the cut-
ting head, the pressurized gas at least partially diffuses or
otherwise affects the abrasive jet.

In another embodiment, an abrasive jet system can include
a controller, an abrasive container, a cutting head, and an
abrasive supply conduit operably coupled between the abra-
sive container and the cutting head. In some embodiments,
the pressurized gas system includes a pressurized gas source
operably coupleable to the abrasive supply conduit. The con-
troller controls the pressurized gas source to increase the gas
pressure in at least a portion of the abrasive supply conduit.
Pressurized gas and abrasives from the abrasive container can
flow through the abrasive supply conduit to the cutting head
and can be mixed with a high-velocity fluid jet or waterjet to
form an abrasive jet. The additional introduction of pressur-
ized gas into the abrasive jet can at least partially diffuse,
disperse, or otherwise affect the abrasive jet during piercing.

In some embodiments, the pressurized gas source is also
operably coupleable to the abrasive container and further
controllable by the controller to increase a pressure in the
abrasive container. The system can also include a gas valve
operably coupleable to the pressurized gas source, a first
pressurized gas conduit operably coupleable to the valve and
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to the abrasive container, and a second pressurized gas con-
duit operably coupleable to the valve and to the abrasive
supply conduit. The gas valve is controllable by the control-
ler. The controller can cause the valve to open or vent, thereby
equalizing a pressure of the pressurized gas system with
atmospheric pressure, and to close, thereby allowing the pres-
sure in the system to exceed atmospheric pressure.

In other embodiments, a method of operating an abrasive
jet system is disclosed. The abrasive jet system can have a
controller, an abrasive container, a cutting head, an abrasive
supply conduit operably coupled between the abrasive con-
tainer and the cutting head, and a pressurized gas source
operably coupled to the abrasive supply conduit and control-
lable by the controller. The method can include transmitting
one or more signals from the controller to the pressurized gas
source to increase a pressure in at least a portion of the cutting
head.

Embodiments of the present disclosure can include meth-
ods and systems that combine abrasives and pressurized fluid
to form an abrasive jet, and that further selectively combine
pressurized gas with the abrasive jet for piercing operations.
The pressurized gas is configured to alter the abrasive stream
in such a way that piercing damage to the target material is
reduced or eliminated. Adding the pressurized gas to the
abrasive jet can further entrain or collect more abrasives for
the abrasive jet than would typically be added to the abrasive
jet via the Venturi effect alone resulting from the pressurized
fluid. Moreover, the addition of the pressurized gas into the
abrasive jet can also supply the abrasives for the abrasive jet
ata fluid pressure that is lower than a fluid pressure that would
typically be required to entrain the abrasives due to the Ven-
turi effect alone. Furthermore, the pressurized gas can be
selectively or intermittently increased to clear a blockage in
the system.

Abrasive Jet Systems and Associated Methods

FIG. 1A is a schematic side view of a portion of an abrasive
jet system 100 (“system 100”). The system 100 includes a
nozzle assembly or cutting head 115 that is operably coupled
to each of a controller 120 and a pressurized fluid source 160
(e.g., a high-pressure fluid pump). The fluid source 160 is
configured to supply a pressurized fluid, such as water or
other suitable working liquids, to the cutting head 115. The
system 100 also includes an abrasive container 105 that is
coupledto the cutting head 115 via an abrasive supply conduit
145. The abrasive container 105 contains abrasives 150 that
are combined with the working fluid at the cutting head 115 to
form an abrasive fluid jet 103. The abrasives 150 can include
garnet, aluminum oxide, baking soda, sugars, salts, ice par-
ticles, or other suitable jet cutting abrasives. The abrasive
container 105 is coupled to the abrasive supply conduit 145
via an abrasive valve assembly 140 that can selectively open
to allow the abrasives 150 to flow to the cutting head 115
through the abrasive supply conduit 145. The system 100 can
also include an abrasive inlet connector or conduit 124
(shown in broken lines) that can be coupled to the abrasive
container 105 to facilitate adding or feeding abrasives 150 to
the abrasive container 105 from a bulk feeding device. The
abrasive inlet conduit 124 can be sealed or otherwise closed
off with reference to the abrasive container 105 (e.g., via a
valve or other suitable device) to prevent a pressure drop in
the abrasive container 105 during operation.

The system 100 further includes a pressurized gas system
101. The pressurized gas system 101 includes a pressurized
gas source 110 (e.g., a compressor) that is operably coupled to
the controller 120. The pressurized gas source 110 is config-
ured to supply a pressurized gas, such as air or other suitable
working gases, to the cutting head 115 and/or to the abrasive
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container 105. For example, a valve 130 operably couples the
pressurized gas source 110 to corresponding pressurized gas
supply conduits 125 (identified individually as a first gas
supply conduit 125q and a second gas supply conduit 1255).
The first gas supply conduit 125a couples the pressurized gas
source 110 to the cutting head 115 via the abrasive supply
conduit 145. The second gas supply conduit 1255 couples the
pressurized gas source 110 to the abrasive supply container
105. As described in detail below, the pressurized gas system
101 selectively supplies pressurized gas to the cutting head
115 to affect or alter the abrasive fluid jet emitted by the
cutting head 115.

As shown in FIG. 1A, the controller 120 is operably
coupled to several of the illustrated components of the system
100 via electrical wiring shown schematically in FIG. 1A,
wireless connections, or other suitable connections. The con-
troller 120 can also be operably coupled to other components
of the abrasive jet system such as the high-pressure fluid
source 160, as well as other components of the abrasive jet
system not shown in FIG. 1A. For example, the controller can
be operably coupled to a bridge that is movable along a table
of the abrasive jet system and along which the cutting head
115 is movable, and other components as is known in the art.
The controller 120 includes control software, firmware, and/
or hardware for controlling components of the abrasive jet
system 100. The controller 120 can include a computer hav-
ing a processor, memory (e.g., ROM, RAM) storage media
(e.g., hard drive, flash drive, etc.) user input devices (e.g.,
keyboard, mouse, touch-screen, etc.), output devices (e.g.,
displays), input/output devices (e.g., network card, serial bus,
etc.), an operating system (e.g., a Microsoft Windows oper-
ating system), and application programs and data. The con-
troller 120 can include layout software for generating and/or
importing Computer-Aided Design (CAD) drawings or other
suitable drawings or information from which cutting or pierc-
ing operations can be derived.

FIG. 1B is an enlarged schematic side view of a portion of
the system 100 of FIG. 1A. As seen in FIG. 1B, the abrasive
the abrasive container 105 includes a first or bottom wall 104
angled obliquely with respect to a second or sidewall 102. The
bottom wall 104 has an opening 105 that is coupled to the
abrasive valve 140. The abrasive valve 140 at least partially
defines a passage 108 through which the abrasives 150 can
exit the abrasive container 105. More specifically, the abra-
sives 150 flow from the abrasive container 105 through the
passage 108 to a collector portion 111 of the abrasive supply
conduit 145, as shown by a broken arrow 109. The abrasive
valve 140 includes an actuator 116 (e.g., a solenoid, gear
motor, etc.) operably coupled to the controller 120 (FIG. 1A)
and a gas cylinder 113. The abrasive valve 140 can further
include a tapered plug or end portion 121 that is movable
relative to the passage 108. The actuator 116 moves the end
portion 121 to an open position, a closed position, or to an
intermediate position to meter a flow of abrasives 150 through
the passage 108 and into the abrasive supply conduit 145. In
FIG. 1B, the end portion 121 is shown in the closed position
to block or prevent the flow of abrasives 150 into the collect-
ing portion 111 of the abrasive supply conduit 145. In other
embodiments, the system 100 can include other devices for
metering or dispensing the abrasives 150 from the abrasive
container 150. For example, the system 100 can include one
or more metering devices such as vibrators feeders, augers,
drum feeders, variable sized orifices, and/or other suitable
abrasive feeding devices.

Referring to FIGS. 1A and 1B together, in operation the
controller 120 transmits control signals to each of the pres-
surized fluid source 160 and the abrasive valve 140 to form
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the abrasive jet 103 for processing (e.g., piercing, cutting,
engraving, marking, etc.). For certain processes, such as for
piercing or initially cutting the target material, the controller
can further transmit control signals to the pressurized gas
source 110 and/or the valve 130 to convey the pressurized gas
to the cutting head 115 via the first pressurized gas supply
conduit 1254 and the abrasive delivery conduit 145. The
controller 115 can also transmit signals to direct the valve 130
to dispense pressurized gas to the abrasive container 105 via
the second pressurized gas supply conduit 12556. As such, in
certain embodiments the system 100 can maintain an at least
generally zero net pressure differential across the passage 108
of the abrasive valve 140. More specifically, when the valve
130 directs the pressurized gas to each of the pressurized gas
supply conduits 125, the pressure upstream from the abrasive
valve 140 (e.g., in the abrasive container 105) can be con-
trolled to be equivalent, or at least generally equivalent to the
pressure downstream from the abrasive valve 140 (e.g., in the
abrasive delivery conduit 145) so that there is not a pressure
drop across the abrasive valve 140.

When the system 100 maintains the generally zero net
pressure differential across the abrasive valve 140, the system
100 can also maintain a generally constant flow of the abra-
sives 150 exiting the abrasive container 105 during a transi-
tion when the system 100 activates or deactivates the pressur-
ized gas source 110. As a result, the system 100 can maintain
a generally constant flow of abrasive 150 in the abrasive jet
103 with little to no interruption when the controller 120
activates or deactivates the pressurized gas source 110. In
certain embodiments, for example, the system 100 activates
the pressurized gas source 110 to add pressurized gas to the
abrasive jet 103 for a startup or piercing the target material.
After the abrasive jet 103 pierces the target material or oth-
erwise removes material to an appropriate initial depth, the
system 100 can deactivate the pressurized gas source 110 to
remove or eliminate the pressurized gas from the abrasive jet
103. Further details regarding the effect of the pressurized gas
on the abrasive jet are described below with reference to
FIGS. 1C and 1D. In other embodiments, the system 100 can
maintain a pressure differential across the abrasive valve 140.
For example, the pressurized gas valve 130 can increase the
pressure upstream from the abrasive valve 140 (e.g., in the
abrasive container 105) relative to the pressure downstream
from the abrasive valve 140 (e.g., in the abrasive delivery
conduit 145) to maintain, increase, or otherwise alter the flow
of abrasives 150 from the abrasive container 105.

Without being bound by theory, FIGS. 1C and 1D illustrate
the apparent effect that the pressurized gas can have on the
abrasive jet 103 in one embodiment. More specifically, FIG.
1C is a cross-sectional side partial view of the cutting head
115 of FIG. 1A during operation without the addition of the
pressurized gas to the cutting head 115. The cutting head 115
includes a mixing tube 170 that is fluidly coupled to the
abrasive supply conduit 145. The mixing tube 171 includes an
axial passage that is generally aligned with a fluid orifice 167
in the cutting head 115. In operation, a pressurized fluid
stream or jet 166 enters the cutting head 115 via the fluid
orifice 167, and abrasives 150 enter the cutting head 115 via
the abrasive supply conduit 145 because of the Venturi effect.
The abrasives 150 combine with the fluid jet 166 at a mixing
region 168 of the cutting head 115. The combined abrasives
150 and fluid jet 166 pass through the axial passage 171 and
exit the mixing tube 170 as a first abrasive jet 103a. In the
embodiment illustrated in FIG. 1C, pressurized gas from the
pressurized gas source 110 (FIG. 1A) has not been supplied to
the cutting head 115 or the first abrasive jet 103a. As a result,
the first abrasive jet 103a illustrated in FIG. 1C has a gener-
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ally uniform, constant, and/or consistent stream or appear-
ance. For example, the first abrasive jet 103a has a first cross-
sectional dimension or diameter D, that is generally constant
extending from the mixing tube 170 to the surface of the target
material.

FIG. 1D is also a cross-sectional side partial view of the
cutting head 115. In FIG. 1D, however, pressurized gas 172
enters the cutting head 115 along with the abrasives 150 via
the abrasive supply conduit 145. The pressurized gas 172 and
abrasives 150 combine with the pressurized fluid stream 166
at the mixing region 168. The combined pressurized gas 172,
abrasives 150, and fluid jet 166 exit the mixing tube 170 as a
second type of abrasive jet 1035. Unlike the first abrasive jet
103a of FIG. 1C, the second abrasive jet 1035 illustrated in
FIG. 1D can have a slightly irregular or mildly dispersed or
mildly diffused appearance. For example, the second abrasive
jet 1035 can have a second cross-sectional dimension D, that
is slightly irregular or slightly diffused at various positions
extending along the second abrasive jet 1035 from the mixing
tube 170 to the surface of the target material. One of ordinary
skill in the art will appreciate that the first and second abrasive
jets 103a, 1035 shown in FIGS. 1C and 1D may have exag-
gerated sizes and/or features for purposes of illustration to
show the apparent effect of the presence or absence of the
pressurized gas 172 on the abrasive jet streams exiting the
mixing tube 170 in some embodiments.

Systems configured in accordance with embodiments of
the disclosure can accordingly function in at least two differ-
ent operational modes. For example, a first mode of operation
can be without the pressurized gas added to the first abrasive
stream 1034 as shown in FIG. 1C. At least a second mode can
include pressurized gas 172 that is added to the second abra-
sive jet 1035 as shown in FIG. 1D. In certain embodiments the
first and second operational modes can include approxi-
mately the same amount of abrasive 150 entrained in the
corresponding abrasive jets 103a, 1035. Stated differently,
the abrasive flow rate, as well as the fluid flow rate, can remain
approximately equal in the first and second operational
modes. In other embodiments, however, these flow rates can
differ with the first and second operational modes. In still
further embodiments, however, piercing and cutting opera-
tions can each be accomplished with the pressurized gas flow
added to the abrasive jet.

The addition of the pressurized gas in the second abrasive
jet 1035 is configured to alter the abrasive stream in such a
way that piercing damage to the target material is reduced or
eliminated. Adding the pressurized gas to the abrasive jet
1305 can further entrain or collect more abrasives 150 for the
abrasive jet 1035 than would typically be added to the abra-
sive jet 1035 via the Venturi effect alone resulting from the
pressurized fluid. For example, the pressurized gas can collect
and/or direct the abrasives 150 to the cutting head 115. More-
over, the addition of the pressurized gas into the cutting head
115 can also supply the abrasives 150 for the abrasive jet 1035
at a fluid pressure of the jet stream 166 that is lower than a
fluid pressure of the jet stream 166 that would typically be
required to entrain the abrasives 150 due to the Venturi effect
alone. Furthermore, according to additional embodiments of
the disclosure, the pressurized gas can be selectively or inter-
mittently increased to clear a blockage in the system. In still
further embodiments, the pressurized gas can transport the
abrasives 150 to the mixing region 168 in the cutting head 115
before the jet stream 166 is initiates so that when the jet
stream 166 is activated the abrasive jet 130 is immediately
formed due to the presence of the abrasives 150 in the mixing
region 168.
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One of the challenges of abrasive jets or waterjets is their
tendency to induce damage during piercing delicate materi-
als. Certain materials, such as composites, laminates, and/or
brittle materials may be difficult to pierce with an abrasive jet.
Embodiments of the present disclosure, however, are able to
mitigate or eliminate piercing damage to the target material.
For example, although the presence of the pressurized gas 172
in the second mode of operation may degrade or otherwise
diminish the quality of the second abrasive jet 1035, the
inventors have found that the second abrasive jet 1036 is
particularly suited for piercing. More specifically, the second
abrasive jet 1035 or second operational mode particularly
suited for mitigating piercing damage with delicate materials,
such as composite, laminate, and/or brittle materials. More-
over, the first abrasive jet 103a or first operational mode
particularly suited for continuing to cut or otherwise remov-
ing material following an initial piercing operation.

Conventional techniques used to mitigate piercing damage
to materials include lower pressure piercing, pressure ramp-
ing and vacuum assist devices. Low pressure piercing may
involve piercing the material with an abrasive jet at a lower
fluid pressure than would typically be used for cutting. Pres-
sure ramping can involve using a reduced water pressure to
form the waterjet in an attempt to ensure that abrasives are
fully entrained in the waterjet before a hydrostatic pressure
induced by fluid water alone reaches a magnitude capable of
causing damage to the material being pierced. A vacuum
assist device can also be used to draw abrasive into a mixing
chamber of a waterjet cutting head prior to the arrival of water
into the mixing chamber. Such a technique attempts to ensure
that a water-only jet does not strike the surface of the material.
Other piercing damage mitigation techniques include super-
heating high pressure water downstream of the pump and
upstream of the nozzle such that the pressurized high-tem-
perature water remains in the liquid state upstream of the inlet
orifice in the nozzle and then evaporates upon exiting the
nozzle, as disclosed in U.S. Pat. No. 7,815,490, which is
incorporated herein by reference in its entirety. As a result,
only high-speed abrasives and very little liquid water enters
the cavity or blind hole in the delicate material. Therefore, the
hydrostatic pressure buildup inside the cavity is minimized
leading to the mitigation of piercing damage to delicate mate-
rials. Yet another piercing damage mitigation technique
involves pressurized abrasive feeding to degrade the abrasive
jet in a controlled manner, as disclosed in U.S. Provisional
Patent Application No. 61/390,946, entitled “SYSTEMS
AND METHODS FOR ALTERING AN ABRASIVE JET
FOR PIERCING OF DELICATE MATERIALS,” filed Oct.
7, 2010, and incorporated by reference herein in its entirety.
The alteration of the abrasive jet via pressurized abrasives is
believed to reduce the magnitude of the hydrostatic pressure
inside a cavity while the pressurized abrasive feeding would
ensure an abrasive waterjet is formed before reaching the
workpiece ensuring a fluid alone does not reach the material
before abrasives are mixed with the fluid.

FIGS. 2A-4 illustrate various abrasive jet systems config-
ured in accordance with embodiments of the disclosure. The
systems illustrated in FIGS. 2A-4 include several features
that are generally similar in structure and function to the
corresponding features of the system 100 described above
with reference to FIGS. 1A-1D. For example, FIG. 2A is a
side view of an abrasive jet system 200a (“system 200a”)
including a pressurized gas source 210 that is coupled to an
abrasive container 205 and a cutting head 215. A gas valve,
regulator, or connector 230 couples the pressurized gas
source 210 to each of a first pressurized gas supply conduit
2254 and a second pressurized gas supply conduit 22556. The
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first pressurized gas supply conduit 225a couples the gas
source 210 to the abrasive container 205 via an abrasive
connector 240. The second pressurized gas supply conduit
225b couples the gas source 210 directly to the abrasive
container 205 upstream from the abrasive connector 240. In
addition, an abrasive supply conduit 245 couples the abrasive
connector 240 to the cutting head 215 to deliver abrasives 250
to the cutting head 215. A pressurized fluid source (not
shown) can also be coupled to the cutting head 215 to com-
bine a pressurized fluid with the abrasives 250 to form the
abrasive jet that is emitted from the cutting head 215. The
system 200a can further include a controller (not shown) that
is operably coupled to one or more of the operable compo-
nents of the system 200a.

In one aspect of the embodiment illustrated in FIG. 2A, the
abrasive connector 240 can be a relatively simple or uncom-
plicated mechanical connector, such as a tee fitting or a tee
coupling. As such, the abrasive connector 240 forms a junc-
tion between the first pressurized gas supply conduit 225a,
the abrasive container 205, and the abrasive supply conduit
245. The abrasive connector 240 can therefore deliver the
abrasives 250 to the abrasive supply conduit 245 without any
moving parts or complicated on/oft functionality. Moreover,
in certain embodiments, the gas connector 230 can be gener-
ally similar in structure and function to the abrasive connector
240. In operation, the system 200a can operate in a manner
generally similar to the operation of the system 100 described
above with reference to FIGS. 1A-1D. For example, the cut-
ting head 215 can emit an abrasive jet including abrasives 250
combined with a pressurized fluid. In some modes of opera-
tion, such as for piercing a target material, the pressurized gas
source 210 can supply a pressurized gas to the cutting head
215 via the first pressurized gas supply conduit 2254 and the
abrasive supply conduit 245. The pressurized gas source 210
can also supply the pressurized gas to the abrasive container
205 via the second pressurized gas supply conduit 2254.

FIG. 2B is a side partially schematic view of an abrasive jet
system 20056 (“system 2005”) configured in accordance with
another embodiment of the disclosure. The abrasive system
2005 includes the same features as the system 200a described
above with reference to FIG. 2A, with the exception that the
pressurized gas source 210 is not coupled to the abrasive
container 250 upstream from the abrasive connector 240.
More specifically, only a single pressurized gas supply con-
duit 225 is coupled to the pressurized gas source 210. The
pressurized gas supply conduit 225 is further coupled to the
abrasive connector 240. The abrasive connector 240 is further
coupled to the abrasive container 205 to deliver the abrasives
250 to the cutting head 215. According to another feature of
the illustrated embodiment, the system 2005 can include an
abrasive flow assister 273 (shown schematically). The abra-
sive flow assister 273 is configured to assist or facilitate the
flow of the abrasives 250 from the abrasive container 205 to
the abrasive connector 240 and the abrasive supply conduit
245. For example, the abrasive flow assister 273 can be an
agitator, vibrator, auger, fluidizer, or other suitable device for
assisting or otherwise flowing the abrasives out of the abra-
sive container 205. In still further embodiments, the system
2005 can function solely as a gravity abrasive feed system
without the abrasive flow assister 273. In operation, the pres-
surized gas source 210 can supply pressurized gas to the
cutting head 215 to combine with the abrasive jet for certain
processing operations, such as for piercing for example.

FIG. 2C is a side partially schematic view of an abrasive jet
system 200¢ (“system 200¢”) configured in accordance with
another embodiment of the disclosure. The abrasive system
200c¢ includes the same features as the system 200a described
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above with reference to FIG. 2A, with the exception that the
pressurized gas source 210 is coupled to the first pressurized
gas conduit 2254 via a first valve or regulator 230a, and to the
second pressurized gas conduit 2255 via a second valve or
regulator 23054. The first and second valves 230 can be oper-
ably coupled to a corresponding controller. As such, the first
and second valves 230 can be independently controlled to
direct or otherwise control the flow of the pressurized gas to
each of the abrasive container 205 and the cutting head 215.

FIG. 3A is a side view of an abrasive jet system 300
(“system 300”") configured in accordance with an additional
embodiment of the disclosure. The system 300 includes a
cutting head 315 that is coupled to a pressurized gas source
310 and an abrasive supply container (not shown). The sys-
tem 300 further includes a nozzle 374 that directs pressurized
gas to combine with abrasives. More specifically, a pressur-
ized gas supply conduit 325 couples the pressurized gas
source 310 to the nozzle 374. A first abrasive supply conduit
3454 couples the abrasive container to the nozzle 374. A
second abrasive supply conduit 3455 couples the nozzle 374
to the cutting head.

FIG. 3B is an enlarged view of a portion of the system 300
of FIG. 3A illustrating the connection of the nozzle 374 to
each of the pressurized gas supply conduit 325 and the first
and second abrasive supply conduits 3454, 3455. The nozzle
374 directs pressurized gas 376 from the pressurized gas
supply conduit 325 to combine with abrasives form the first
abrasive supply conduit 345a to flow through the second
abrasive supply conduit 3455. In certain embodiments, the
nozzle 374 can be an eductor, jet pump, or other suitable
device for combining the 350 and pressurized gas 376 with
the abrasives 350 downstream and/or spaced apart from the
abrasive container 305. In the illustrated embodiment, the
nozzle 374 includes a converging portion 378, a jet or needle
valve 375, and a diverging portion 379. In operation, the
nozzle 374 can utilize the Venturi effect to create a low pres-
sure zone in the gas 376 that draws in and entrains the abra-
sives into the gas flow 376. The combined abrasives and gas
377 can then be delivered to the cutting head (FI1G. 3A) viathe
second abrasive supply conduit 3455.

FIG. 4A is aside view and FIG. 4B is a cross-sectional side
view of a mixing tube subassembly 481 (“subassembly 4817).
Referring to FIGS. 4A and 4B together, the subassembly 481
includes a mixing tube 470 having several features that are
generally similar in structure and function to the mixing tube
170 described above with reference to FIGS. 1C and 1D. For
example, the mixing tube 470 illustrated in FIGS. 4A and 4B
includes an axial passage 471 extending longitudinally there-
through from a proximal end portion 431 to a distal end
portion 433 of the mixing tube 470. The mixing tube 470
further includes an inlet region 479 at the proximal end por-
tion 431 that is configured to receive abrasives 450 and pres-
surized fluid 466 to form an abrasive jet that exits the proxi-
mal end portion 433 of the mixing tube 470.

According to additional features of the illustrated embodi-
ment, the subassembly also includes a gas conduit coupling
482 that is configured to couple the mixing tube 470 to a
pressurized gas supply conduit 425. More specifically, and
with reference to FIG. 4B, the distal end portion 433 of the
mixing tube 470 includes a latitudinal passage 483 extending
from a first opening 4844 to a second opening 4845. The
latitudinal passage 483 extends in a direction that is generally
transverse to the longitudinal axis of the mixing tube 470. The
latitudinal passage 483 further includes a jet stream recess
485 in a central portion of the latitudinal passage 483 that is
generally aligned with the axial passage 471. The gas conduit
coupling 482 couples directly to the gas supply conduit 428
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and encircles the distal end portion 433 of the mixing tube
471 proximate to the openings 484. An interior surface 486 of
the gas conduit coupling 482 at least partially defines a cavity
that encircles or surrounds the distal end portion 433 of the
mixing tube 470 at a location that covers the openings 484. As
such, the gas conduit coupling 482 fluidly connects the gas
supply conduit 425 to the distal end portion 433 of the mixing
tube 470 at a location that is generally aligned with the lati-
tudinal passage 483.

In operation, abrasives 450 and pressurized fluid 466 enter
the proximal end portion 431 of the mixing tube 470 to form
an abrasive jet. Pressurized gas 476 can enter the distal end
portion 433 of the mixing tube 470 via the gas supply conduit
425 and gas conduit coupling 482 during certain operational
modes, such as during piercing. The pressurized gas can enter
the distal end portion 433 of the mixing tube 470 via the
latitudinal passage 483 and mix or otherwise combine with
the abrasive jet at the jet stream recess 485. Accordingly, the
pressurized gas 476 enters the mixing tube 433 at a location
that is downstream from and also separate from the location
where abrasives 450 enter the mixing tube 470. As such, the
pressurized gas 476 can be added to the fluid jet 466 indepen-
dently from the abrasives 450.

FIG. 5 is a flow diagram of a method or process 500
configured in accordance with embodiments of the present
disclosure for piercing and cutting operations using abrasive
jet systems as disclosed herein. The process 500 includes
receiving an indication to begin a piercing operation or other
material removal operation with an abrasive jet system (block
502). The indication to begin the piercing operation can be
received from an operator of the abrasive jet system, control
software of the controller, or from any other suitable source.
The process 500 further includes supplying abrasives from an
abrasive supply, pressurized fluid from a pressurized fluid
supply, and pressurized gas from a pressurized gas supply to
the cutting head of the abrasive jet system (block 504). In
certain embodiments, the abrasives, pressurized fluid, and
pressurized gas are supplied to the cutting head to arrive at the
target material at the same time. In other embodiments, how-
ever, the order of the flow of abrasives, pressurized fluid, and
pressurized gas to the cutting head can vary. For example, the
pressurized gas can be supplied to the cutting head after the
abrasives and pressurized fluid are supplied to the cutting
head. In other embodiments, the abrasives, pressurized fluid,
and pressurized gas can be supplied in any suitable order for
combining these constituents to form the abrasive jet that is
configured for piercing. In still further embodiments, the
order of the abrasives, pressurized fluid, and pressurized gas
can be controlled to ensure that the pressurized fluid alone
does not reach the target material (e.g., without the abrasives
or the pressurized gas). For example, the abrasives and pres-
surized fluid may be combined and/or directed to the target
material prior to the addition of the pressurized fluid to the
abrasive jet.

Moreover, in certain embodiments, the abrasives and pres-
surized gas can at least partially combine upstream from the
cutting head and be supplied to the cutting head via the same
supply conduit. In other embodiments, however, the pressur-
ized gas can be supplied to the cutting head separately from
the abrasives and the pressurized fluid. More specifically, in
one embodiment the pressurized gas can be supplied to the
cutting head downstream from the ingress of the abrasives
and/or pressurized gas into the cutting head. In other embodi-
ments, however, the pressurized gas can enter the cutting head
upstream from the ingress of the abrasives and/or pressurized
fluid into the cutting head. In still further embodiments, pres-
surized gas can also be supplied to the abrasive container (in
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addition to the cutting head) at a location that is upstream
from an abrasive outlet of the abrasive container. As such, the
pressurized gas source can maintain a generally net zero
pressure differential or otherwise prevent a pressure drop
across the abrasive container.

According to additional aspects of the process 500, the
pressurized gas source can provide gas at various pressures,
such as from approximately 5 PSI or less to approximately
120 PSI or more. The gas pressure can depend upon various
factors, such as the type or thickness of the target material, an
inside diameter of a passage of the mixing tube of the cutting
head, size of the pierced hole, abrasive jet kerf, etc. For
example, the controller may provide gas at a relatively lower
pressure (e.g., from approximately 10 PSI to approximately
50 PSI) for mixing tubes with relatively smaller inside diam-
eters, and gas at a relatively higher pressure (e.g., from
approximately 40 PSI to approximately 100 PSI) for mixing
tubes with relatively larger inside diameters. Moreover, in
some embodiments, the introduction of pressurized gas into
the waterjet does not cause or otherwise result in a phase
change (e.g., from liquid to gas) of the fluid in the abrasive jet.
According to further aspects of the process 500, the pressure
of the fluid provided by the pressurized fluid, the abrasive
flow rate provided by the abrasive source, and/or the pressure
of the gas provided by the pressurized gas source can vary
based on various factors. These factors can include, for
instance, the type or thickness of the target material, a kerf
size of the abrasive jet, an inside dimension of a passage of a
mixing tube of the cutting head, required piercing and cutting
speed or quality, as well as other factors. In some embodi-
ments, for example, a relatively low fluid pressure (e.g., from
approximately 3,000 PSI or less to approximately 5,000 PSI
or more) can be used, or a higher fluid pressure (e.g., from
approximately 10,000 PSI to approximately 50,000 PSI or
more) can be supplied to form the abrasive jet. The abrasive
jet system can also vary the fluid delivery pressure, gas deliv-
ery pressure, abrasive delivery flow rate, as well as the rate at
which these constituents change based on these and other
factors. The process 500 can further include controlling an
external bulk hopper to maintain an abrasive supply for the
system.

The addition of the pressurized gas to the abrasive jet can
allow for piercing operations at fluid pressures that are lower
than typical piercing fluid pressures for abrasive jets. For
example, the fluid pressure in piercing operations may typi-
cally be approximately 40,000 PSI or greater, and for low
pressure piercing operations it may typically be 20,000 PSI or
greater. According to embodiments of the present disclosure,
however, during piercing operations the fluid pressure can be
reduced even further. For example, during piercing opera-
tions the fluid pressure can be reduced from approximately
1,000 PSI to approximately 10,000 PSI or from approxi-
mately 2,000 PSI to approximately 5,000 PSI. Even at these
relatively low fluid pressures, the addition of the pressurized
fluid can provide supply the suitable amount of abrasives to
the abrasive jet for piercing.

The process 500 further includes piercing the target mate-
rial with the abrasive jet (block 506). Piercing the target
material, and in particular piercing target materials that are
brittle or delicate, includes adding the pressurized gas to the
abrasive jet. The addition of the pressurized gas to the abra-
sive jet can mildly disperse or diffuse the abrasive jet as
generally described above with reference to FIG. 1D, while
still supplying a constant flow rate of abrasives and fluid in the
abrasive jet. In other embodiments, however, the flow rate of
the abrasives and/or fluid can vary. The method 508 further
includes determining when to conclude the piercing opera-
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tion (decision block 508). If the piercing is to continue the
method returns to block 506. When piercing concludes, how-
ever, the process 500 includes deactivating the pressurized
gas flow to the cutting head (block 510), and determining if
further cutting or other material removal is required (decision
block 512). If further cutting is desired, the process 500
includes cutting the target material with the abrasive jet
including abrasive and pressurized fluid and without the pres-
surized gas (block 514). Cutting with the pressurized gas
removed from the abrasive jet produces a generally uniform
abrasive jet as described above with reference to FIG. 1C.
Moreover, although the pressurized gas is no longer supplied
to the abrasive jet, the flow rate of the abrasives and the
pressurized fluid can remain constant. In other embodiments,
however, the flow rate of the abrasives and/or the pressurized
fluid can vary after removing the pressurized gas from the
abrasive jet. According to additional features of the illustrated
embodiment, the abrasive jet system can begin cutting at the
location of the hole that was initially pierced through the
workpiece. Additionally or alternatively, the abrasive jet sys-
tem can repeat the steps at blocks 506 and/or 514 one or more
times to pierce and/or cut the workpiece one or more times
(e.g., to make multiple holes or cuts in the workpiece). Those
of ordinary skill in the art will understand that there are
multiple suitable ways in which an abrasive jet system can
vary sequences of piercing and cutting operations.

When the cutting concludes, the process 500 further
includes deactivating the abrasive flow and the pressurized
fluid flow to the cutting head (block 516). If further cutting is
notdesired following decision block 512, the process 500 can
also proceed to block 516. In determining whether to con-
clude piercing (decision block 508) and/or cutting (decision
block 512), the controller can receive an indication from a
component that detects the completion of the piercing and/or
cutting operations. In other embodiments, the controller can
cause the piercing and/or cutting operations to conclude after
a predetermined period of time that is based upon various
factors such as the thickness of the workpiece, a dwell time,
the pressure of the gas flowing through the cutting head, the
abrasive flow rate, as well as other suitable factors.

After block 516, the process 500 can conclude. Those of
ordinary skill in the art will appreciate that the steps shown in
FIG. 5 may be altered in a variety of ways without departing
from the spirit or scope of the present disclosure. For
example, the order of the steps may be rearranged, sub-steps
may be performed in parallel, illustrated steps may be omit-
ted, additional steps may be included, etc.

From the foregoing, it will be appreciated that specific
embodiments have been described herein for purposes of
illustration, but that various modifications may be made with-
out deviating from the spirit and scope of the disclosure. As an
example of one modification to embodiments of the present
disclosure, although the systems described herein include a
pressurized gas source, the pressurized gas source caninclude
other suitable sources of gases or fluids that are mixed with
abrasives and delivered to a cutting head or delivered directly
to the cutting head. As another example, the pressurized gas
sources described herein can include two or more separate
pressurized gas sources, each independently controllable by a
controller. Moreover, each of the first and second pressurized
gas supply conduits can be operably coupleable to corre-
sponding separate pressurized gas sources. The first and sec-
ond pressurized gas supply conduits can each include corre-
sponding flow control valves that are independently
controllable by a controller. The use of two or more separate
and independent pressurized gas sources can enable the use of
different gas pressures in the corresponding pressurized gas
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supply conduits. This can allow the pressurized gas sources
to, among other things, provide a pressure in the abrasive
container that is different from the pressure in the abrasive
supply conduit.

As an example of another modification to embodiments of
the present disclosure, although the controller can include a
computer, the controller can include an integrated circuit, a
microcontroller, an application-specific integrated circuit, or
any device or apparatus suitable for controlling the abrasive
jet system and/or the gas pressurization system. Moreover,
while instructions for controlling the abrasive jet system and
the pressurized gas sources as disclosed herein have been
described as being implemented in software, such instruc-
tions can be implemented in software, hardware, firmware, or
any combination thereof.

As a further example of modifications to embodiments of
the disclosure, an abrasive jet system can include a first cut-
ting head for cutting operations and a separate second cutting
or piercing head for piercing operations. The abrasive jet
system could also include a switch to switch delivery of
high-pressure fluid between the two cutting heads. The pres-
surized gas source can also be operably coupled to each of the
cutting and piercing heads. The distance between the cutting
head (for cutting operations) and the piercing head (for pierc-
ing operations) would be known to the controller. The con-
troller could cause piercing cutting head to pierce a hole in a
workpiece. Upon completion of the piercing, the controller
could cause the cutting head to move so that cutting head is
positioned over the pierced hole. The controller could then
cause the cutting head to begin a cutting operation starting
from the pierced hole. The controller could cause either the
abrasive jet system to perform piercing operations prior to
performing cutting operations, or cause the abrasive jet sys-
tem to intersperse cutting operations with piercing opera-
tions. One advantage to an abrasive jet system having sepa-
rate cutting and piercing heads is that the pressurized gas
source could remain activated while no piercing operations
are being performed, thereby obviating a need to cycle the
pressurized gas source on and off. Instead, the controller
could close the abrasive valve to prevent abrasives from being
conveyed to the cutting head.

In still further embodiments, the components of the abra-
sive jet systems described above can be positioned in rela-
tively close proximity to one another. In one embodiment, for
example, the components described above can be located
within approximately 5 feet or less from one another. For
instance, all of these components can be located on the same
table or bridge upon which the cutting head is positioned. In
other embodiments, however, these components can be posi-
tioned at locations that are spaced more than 5 feet apart from
each other.

While advantages associated with certain embodiments
have been described in the context of those embodiments,
other embodiments may also exhibit such advantages, and not
all embodiments need necessarily exhibit such advantages to
fall within the scope of the present disclosure. Moreover, the
embodiments described may exhibit advantages other than
those described herein. The following claims provide addi-
tional embodiments of the disclosure.

We claim:

1. A method for using a jet to cut a workpiece, the method
comprising:

providing pressurized liquid to a cutting head of an abra-

sive jet system;

passing the liquid through an orifice within the cutting head

to form a jet having a density;

flowing abrasive to the cutting head;
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incorporating the abrasive into the jet downstream from the
orifice, wherein the jet accelerates the incorporated
abrasive towards an outlet of the cutting head;

flowing pressurized gas to the cutting head;

incorporating the gas into the jet downstream from the

orifice, wherein the jet accelerates the incorporated gas
towards the outlet, and wherein incorporating the gas
reduces the density of the jet;

impacting the jet against a workpiece to pierce the work-

piece at a starting point for an intended cut in the work-
piece, wherein impacting the jet against the workpiece
includes impacting the jet against the workpiece while
the jet includes the abrasive and while the density of the
jet is reduced;

stopping or otherwise reducing the flow of the pressurized

gas to the cutting head after piercing through the work-
piece or after piercing the workpiece to a desired pierc-
ing depth less than a full thickness of the workpiece, and
while continuing to pass the liquid through the orifice to
maintain the jet, wherein the stopping or otherwise
reducing the flow of the pressurized gas increases the
density of the jet; and

cutting the workpiece along the intended cut after stopping

or otherwise reducing the flow of the pressurized gas to
the cutting head and while continuing to pass the liquid
through the orifice to maintain the jet.

2. The method of claim 1 wherein flowing the pressurized
gas to the cutting head includes flowing the pressurized gas to
the cutting head while the pressurized gas carries the abrasive
to the cutting head.

3. The method of claim 2 wherein flowing the pressurized
gas to the cutting head includes flowing the pressurized gas
from a pressurized gas source to the cutting head via a conduit
operably positioned between the pressurized gas source and
the cutting head.

4. The method of claim 3 wherein:

the orifice is a first orifice; and

the method further comprises—

passing the abrasive from an abrasive container into the
conduit via a second orifice operably positioned
between the abrasive container and the conduit, and

combining the abrasive with the pressurized gas within
the conduit while the pressurized gas flows through
the conduit toward the cutting head.

5. The method of claim 4 wherein:

flowing the pressurized gas to the cutting head includes

opening a valve operably positioned between the pres-
surized gas source and the conduit; and

stopping or otherwise reducing the flow of the pressurized

gas includes closing the valve.

6. The method of claim 5, further comprising pressurizing
the abrasive container.

7. The method of claim 6 wherein pressurizing the abrasive
container includes pressurizing the abrasive container to
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cause a pressure upstream of the second orifice to be at least
generally equal to a pressure downstream of the second ori-
fice.

8. The method of claim 1 wherein flowing the abrasive to
the cutting head includes flowing the abrasive to the cutting
head downstream from the orifice while separately flowing
the pressurized gas to the cutting head.

9. The method of claim 1 wherein:

impacting the jet against a workpiece includes impacting

the jet against a workpiece at a fluid pressure of greater
than 1000 PSI and less than 10,000 PSI; and

cutting the workpiece along the intended cut includes cut-

ting the workpiece at a fluid pressure greater than 10,000
PSIL.

10. The method of claim 1 wherein flowing pressurized gas
to the cutting head includes operating a valve to flow the
pressurized gas into an abrasive container.

11. The method of claim 1 wherein flowing pressurized gas
to the cutting head includes operating a valve to a) flow a first
portion of the pressurized gas into an abrasive container, and
b) flow a second portion of the pressurized gas to the cutting
head, wherein the second portion of the pressurized gas does
not pass through the abrasive container.

12. The method of claim 11 wherein the valve is a first
valve, and wherein flowing pressurized gas to the cutting head
includes operating the first valve to maintain a generally
equivalent pressure across a second valve positioned at an
outlet of the abrasive container.

13. The method of claim 1 wherein flowing the pressurized
gas to the cutting head includes flowing the pressurized gas
through an abrasive supply conduit, and wherein the method
further comprises operating a valve to flow the abrasive into a
flow of the pressurized gas.

14. The method of claim 13 wherein operating a valve to
flow the abrasive into a flow of the pressurized gas includes
operating the valve to flow the abrasive into a collector por-
tion adjacent an abrasive container.

15. The method of claim 14 wherein stopping or otherwise
reducing the flow of the pressurized gas to the cutting head
does not reduce a rate of a flow of the abrasive.

16. The method of claim 1 wherein flowing pressurized gas
to the cutting head includes operating a valve via a controller
to equalize a pressure across an abrasive container.

17. The method of claim 1 wherein flowing pressurized gas
to the cutting head includes flowing the pressurized gas
through an abrasive container.

18. The method of claim 1 wherein flowing pressurized gas
to the cutting head includes flowing the pressurized gas
through a collector portion of an abrasive supply conduit, and
wherein flowing abrasive to the cutting head includes flowing
abrasive from an abrasive container into the collector portion.

19. The method of claim 1 wherein stopping or otherwise
reducing the flow of the pressurized gas to the cutting head
does not reduce a rate of a flow of the abrasive.

#* #* #* #* #*
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